TO HAVE a complete understanding of coronary artery disease, a clinician must be able to evaluate coronary anatomy, ventricular function, and coronary blood flow. Selective coronary arteriography and left ventriculography remain the standard means for obtaining information on the first two factors. Although visual analysis of percent diameter coronary stenosis suffers from significant intraobserver and interobserver variability, quantitative analysis of arteriographic images provides accurate and objective measurements of arterial geometry. The third factor, coronary blood flow, is rarely measured directly. Most often, alterations in blood flow are inferred clinically from the coronary anatomy. This inference is based on the close correlation between percent diameter stenosis and coronary flow reserve found in experimental animals, coronary flow reserve being defined as the ratio of maximal hyperemic-to-baseline blood flow in a coronary artery.' Contrary to these experimental observations are data suggesting that human coronary flow reserve correlates poorly with percent diameter stenosis and only moderately with absolute measurements of stenosis geometry-' Recent developments in radiographic technology have therefore rekindled an interest in measuring coronary blood flow and flow reserve in the catheterization laboratory, with the intention of providing an independent means for their assessment. Results of preliminary trials suggest that this is possible, although contrast media cannot be used to measure coronary blood flow by traditional approaches. Early data also suggest that many factors in addition to epicardial arterial stenosis need to be considered in the clinical interpretation of blood flow parameters.
TO HAVE a complete understanding of coronary artery disease, a clinician must be able to evaluate coronary anatomy, ventricular function, and coronary blood flow. Selective coronary arteriography and left ventriculography remain the standard means for obtaining information on the first two factors. Although visual analysis of percent diameter coronary stenosis suffers from significant intraobserver and interobserver variability, quantitative analysis of arteriographic images provides accurate and objective measurements of arterial geometry. The third factor, coronary blood flow, is rarely measured directly. Most often, alterations in blood flow are inferred clinically from the coronary anatomy. This inference is based on the close correlation between percent diameter stenosis and coronary flow reserve found in experimental animals, coronary flow reserve being defined as the ratio of maximal hyperemic-to-baseline blood flow in a coronary artery.' Contrary to these experimental observations are data suggesting that human coronary flow reserve correlates poorly with percent diameter stenosis and only moderately with absolute measurements of stenosis geometry-' Recent developments in radiographic technology have therefore rekindled an interest in measuring coronary blood flow and flow reserve in the catheterization laboratory, with the intention of providing an independent means for their assessment. Results of preliminary trials suggest that this is possible, although contrast media cannot be used to measure coronary blood flow by traditional approaches. Early data also suggest that many factors in addition to epicardial arterial stenosis need to be considered in the clinical interpretation of blood flow parameters.
Technical aspects of measuring coronary blood flow. Direct measurements by electromagnetic flowmeter and radionuclide particle distribution can be made only in experimental animals. Most clinical methods for measuring regional blood flow or perfusion are based on one of the following principles: indicator-dilution (Stewart-Hamilton), inert substance washout (Kety-Schmidt), or first-pass distribution (Sapirstein).' Coronary sinus thermodilution, xenon-133 myocardial washout, and thallium-201 scintigraphy are representative examples of application of these three methods. However, none of these general principles can be used directly for the radiographic measurement of coronary blood flow largely because of the effects of the contrast medium on the coronary circulation and the method by which it is injected. Primarily, all of these methods require that the indicator substance does not affect the regional flow being measured.
Unlike the substances used in the traditional clinical methods, all contrast media have substantial vascular effects, although nonionic media may disturb blood flow less than ionic agents. The effects of a selectively injected bolus of ionic contrast medium on baseline and already hyperemic coronary blood flow are shown in figure L.' Flow was measured by electromagnetic flowmeter and hyperemic flow was induced by a previously injected bolus of contrast medium given 10 sec before the period depicted. Even in the presence of free reflux of contrast into the sinus of Valsalva, a small increase in blood flow (usually < 10%) is often observed during the injection period. After this period of relatively constant flow, which lasts about 1.5 sec, a 54 + 10% decrease in flow ensues, probably caused by the viscosity and hyperosmolality of the contrast medium as the bolus transits the microcirculation. The widely recognized hyperemic response then follows, raising baseline flow approximately threefold and already hyperemic flow by about 20%. Both curves peak at about 10 sec after contrast injection. The magnitude of the transient decrease in coronary flow after contrast injection is independent of the initial flow, which makes the early baseline-to-hyperemic flow ratio ap-is calculated from the segment's volume and the bolus' transit time with the following equation: proximately constant during this period. Thus radiographic measurements of absolute blood flow and relative flow ratios should be made during the first 1.5 and 5 sec contrast injection, respectively. This is analogous to the practice of measuring ventriculographic parameters soon after contrast injection to exclude the ventriculographic effects of the contrast medium.
Other problems exist with the use of contrast media as blood flow indicators. The Stewart-Hamilton principle requires administration of a fixed or known amount of an indicator, which must remain intravascular and detectable quantitatively downstream. Contrast media cannot be administered easily in fixed or known amounts without subselective injection to prevent reflux. Moreover, contrast media increase peripheral coronary intravascular volume as part of their vasodilator effect. This affects downstream contrast medium quantification by effectively increasing the vascular volume under study. Because of the complexities of contrast media diffusion, surface adherence, capillary sludging, and vasoreactivity, the requirement of tracer inertness necessary for application of the Kety-Schmidt principle is not fulfilled. Lastly, the factors of minimal first-pass uptake and regional variability of image intensifier veiling glare and radiation scatter and absorption make the use of the Sapirstein principle problematic.
Videodensitometry. Using alternative geometric approaches, Rutishauser et al. 5 and Smith and colleagues developed the first successful radiographic techniques for assessing regional coronary blood flow. These similar approaches measure the density of contrast medium at two sequential locations in a proximal coronary artery to determine the transit time of the contrast bolus between the two points. The volume of the arterial segment between the chosen points is then determined geometrically from the segment's mean diameter and length. The flow traversing the arterial segment This approach cannot be applied to branching, distal, or circuitous arterial segments. For segments that cannot be positioned parallel to the plane of the image intensifier, multiple radiographic projections must be used. Although it requires precise determinations of transit time and arterial diameter, this technique does measure absolute blood flow (ml/min). Using current technology, Spiller et al. 6 have recently reported excellent correlations between data obtained by electromagnetic flowmeter and mean and phasic blood flow measurements obtained by a similar approach. The reported technique uses determinations of wavefront transit time in opposition to the measurements of mean transit time used by the previous investigators. Use of measurements obtained during this earliest phase of contrast transit, before blood flow is perturbed by the contrast itself, gives this approach a theoretical advantage.
An indicator-dilution videodensitometric method, which measures relative coronary flow ratios rather than absolute blood flow, was reported by Foerster et al.7 A fixed amount of contrast medium is injected, and indicator-dilutional analysis is performed on videodensitometric data obtained over an arterial region of interest. This approach eliminates the need for precise measurements of arterial diameter and length and can be applied to more distal arterial segments. It is complicated, however, by streaming and reflux of contrast medium. Using subselective contrast injection and linearized contrast density detection, Nissen and colleagues recently found this method to be valid.
Digital techniques. In an attempt to increase the detection of very low concentrations of contrast material, the technique of digital radiography was introduced during the last few years. This method consists of conversion of analog radiographic or fluoroscopic video images into digital arrays, with contrast enhancement being achieved through subsequent application of one of several arithmetic operations. The simplest enhancement operation is mask-mode subtraction, which is accomplished by subtracting a radiographic image obtained just before injection of contrast medium (mask) from each of the subsequent contrast-containing images. This eliminates densities common to the mask and subsequent frames, ideally leaving visualization of only the contrast-containing structures. With this approach, arterial structures can be visual-ized by either intravenous or reduced-dose intra-arterial administration of contrast medium. The quality of mask-mode subtraction images is very sensitive to subject motion, which alters the superposition of the mask and contrast-containing images and produces registration artifact. Because of the cyclic cardiac motion, registration artifact can be minimized by use of electrocardiogram (ECG)-synchronized mask selection.
The use of ECG-synchronized mask-mode subtraction for the purpose of measuring regional blood flow was first proposed by Robb and colleagues. These investigators demonstrated that digital substraction results in a significant increase in the ability to visualize contrast medium transit in its myocardial phase after selective coronary injection. Our laboratory has combined this approach with a modification of the vascular volume/transit time analysis of Rutishauser and Smith. We use color-and intensity-coded parametric images to depict the timing and density of a selectively injected bolus of contrast medium as it transits the coronary circulation.8 Relative coronary flow ratios are assessed in myocardial regions of interest by quantitatively comparing parametric images obtained at baseline and during the hyperemic condition.
Regional time-density curves that serve as the basis for an understanding of this technique are shown in figure 2 . Mean mask-mode subtracted radiographic time-density curves are shown for regions-of-interest over a proximal coronary artery, mid-to-distal myocardium perfused by this artery, and noncardiac background. These representative curves were obtained in a canine preparation with selective, ECG-synchronized power injections of contrast media under baseline and contrast-induced hyperemic conditions. The electromagnetic flowmeter ratio of hyperemic-to-baseline flow was approximately 3:1. Proximal arterial timedensity curves are similar, suggesting accurate injection timing and complete displacement of the arterial blood with contrast medium. A significant level of background density is seen after about 5 sec, most likely caused by transit of contrast medium into the right heart circulation. This factor and the effects of contrast media on blood flow detailed above favor the use of data obtained within the first 5 sec after injection of contrast.
Measurement of relative regional coronary blood flow by means of the principle summarized in equation 1 requires independent assessment of both transit time and vascular volume.8 Relative contrast medium transit time to myocardial regions of interest can be analyzed within the initial 5 sec period by application of a threshold criterion. Absolute transit-time probably 462 cannot be measured with this approach because of perturbation of the contrast medium wavefront. Use of such a threshold criterion results in calculation of transit times Tb and Th for the two myocardial curves shown. Considering equation 1, the fact that the transit time ratio for these values (1.6:1 ) is less than the flow ratio (3: 1) suggests that the hyperemia-inducing stimulus does in fact increase the vascular volume.) As a first-order approximation, vascular volume can be estimated by the following radiographic relationship:
Vascular volume = k (integrated contrast medium density)/ (contrast medium concentration) (2) where k represents the primary radiographic imaging system transfer function. Assuming that the vascular space has been filled with contrast medium but that additional vasodilation or substantial diffusion has not yet occurred, vascular volume is then proportional to mask-mode subtracted density. Relative flow ratios can then be calculated by substitution of density data for vascular volume in equation 1. With use of density measurements at a time thought to meet these criteria (Db and DR) and transit times Tb and Th. a 2.7:1 hyperemic-to-baseline flow ratio is calculated for the given case. Despite the difficulties associated with the use of contrast media and the densitometric rather than geometric assessment of relative vascular volume employed, a good correlation (r = .92) between electromagnetic flowmeter and digital radiographic determinations of relative regional coronary blood flow was found with the above method of analysis.8 This approach does not appear to underestimate high flow ratios and was found to have adequate reproducibility (133%) and observer variability (r = .98). However, the interpretation of individual ratio values must CIRCULATION be performed with consideration to the ± 0.7 ratio units 95% confidence limits found. This approach can be implemented on a pixel-bypixel basis with parametric images in which individual pixel color and intensity are modulated according to the transit-time and density values calculated for that pixel. Region-of-interest density/transit time values are then calculated as the mean of the individual pixel ratios, thus increasing precision by averaging several thousand ratios. Parametric images have the advantages of providing simultaneous visualization of the entire arterial bed undergoing analysis and recognition of problems in injection of contrast medium, such as streaming. Two clinical examples of parametric images obtained under baseline and contrast-induced hyperemic conditions are shown in figure 3 . The color of each pixel is coded according to the number of cardiac cycles required for contrast medium transit: red, yellow, white, and green denote appearance within the first through the fourth cardiac cycles after injection, respectively. The intensity of each pixel is coded by information on contrast medium density.
An alternative digital radiographic method that measures relative coronary flow by the washout (Kety-Schmidt) principle has been suggested. Resultant washout ratios vary with severity of coronary stenosis, but their correlation with actual flow ratios has been reported to be of variable accuracy. This may be the result of reactive hyperemia occurring concomitantly with contrast washout. Within the limitations of application of the Kety-Schmidt principle detailed above, this technique may be clinically useful for assessing the physiologic significance of stenoses or other factors that limit maximal blood flow. The washout approach does have the advantage of not requiring precise timing or volume of contrast medium administration.
Clinical applications and limitations. Several centers are gaining clinical experience with the parametric imaging and washout techniques for measuring relative blood flow. The parametric imaging technique can be performed rapidly during cardiac catheterization, although atrial pacing, ECG-synchronized power injection of contrast media, digital radiographic equipment capable of direct digital storage, and fixed patient positioning need to be added to the routine technique. Atrial pacing and power injection of contrast media have not resulted in problems to date. Patient motion has proved to be the most prevalent problem, however, necessitating the repetition of many studies. In our catheterization laboratory, this type of parametric imaging has proved helpful for the determination of the physiologic significance of intermediate coronary artery stenoses. Even though a 50% diameter stenosis value seems to be the best criterion for determining the physiologic significance of the stenosis, about a quarter of stenoses in the 25% to 75% range will be incorrectly assessed by this criterion. As an example, assessment of coronary flow reserve in a right coronary artery with a 60% diameter stenosis is shown in the upper panels of figure 3. Despite the anatomic narrowing, normal flow reserve, normal stress thallium-201 scintigraphic results, and no translesional pressure gradient were found. At present none of the parameters for determining the significance of individual lesions, i.e., arterial stenosis, flow reserve, stress scintigraphy, and translesional gradient, have sufficient accuracy to be used alone. The clinician must use concordance of test results to perform this important assessment.
It should be emphasized that coronary flow reserve can be reduced by many factors other than epicardial coronary stenosis, including myocardial hypertrophy. hypertension, prior myocardial infarction, collateralization, coronary spasm and intrinsic vasoreactivity, syndrome X, prolonged ischemia, early angioplasty, and vasoactive drugs. Arterial, ventricular end-diastolic, and intrathoracic pressures, which can vary during arteriographic techniques, also affect flow reserve.9 Changes in coronary flow in one artery may affect flow in other arteries. Lastly, as a relative parameter, flow reserve ratios are altered by changes in resting blood flow. These factors need to be considered in using flow reserve to clinically determine physiologic severity of lesions and may explain, in part, conflicting anatomic and physiologic data. An example of the difficulty with the use of coronary flow reserve to predict the physiologic significance of individual coronary stenosis is illustrated in the lower panels of figure 3 . In this case of a patient with angina pectoris, hypertension, and normal coronary arteries, a very low flow reserve is evident, from the small color and intensity differences between the baseline and hyperemic studies. Abnormal results of stress radionuclide ventriculography tended to confirm a functional abnormality. This example suggests that abnormally low flow reserve cannot be directly ascribed to a specific coronary stenosis without consideration of the above factors.
Higher levels of hyperemic coronary flow can be achieved with agents other than contrast media, which are currently used for reasons of clinical safety. The parametric technique described appears to assess papaverine-and contrast-induced flow changes with approximately equivalent accuracy. However, early data suggest that contrast is equivalent to more potent stimuli in differentiating normal from abnormal coronary physiology, and the peak of contrast-induced hyperemia has been reported to be at about 10 sec after injection in both normal and abnormal coronary vessels. Clinical studies have also shown close associations between coronary flow reserve data and the results of stress scintigraphy.'0 Moreover, contrast-induced coronary flow reserve has been shown to correlate closely with increases of blood flow between resting conditions and pacing-induced angina. These findings support the clinical utility of radiographic methods that can measure coronary blood flow. Ultimately, clinical techniques capable of measuring absolute blood flow may be useful for differentiating the specific cause of abnormal flow ratios. Implementation of rapid, simple catheterization methods for assessing coronary blood flow is likely, as imaging technology and an understanding of the effects of contrast media improve.
